ABSTRACT The capacity of millimeter-wave (mmWave) line-of-sight (LOS) multiple-input multipleoutput (MIMO) channel can be reduced due to the absence of rich scattering. However, the optimization of antenna array deployment can enable the maximum spatial multiplexing gain in the mmWave LOS MIMO channel, which can be applied to the long distance airborne data transmission. In this paper, we first establish the channel model of mmWave LOS MIMO based on a uniform circular antenna array (UCA) and derive the upper/lower bound of channel capacity. Aiming at achieving the maximum capacity of mmWave LOS MIMO channel, we propose the Newton-iterative method to obtain the optimal parameters of UCA. To simplify the optimization algorithm, the 2-D search can be transformed into 1-D search. Then, the analysis of bit error rate (BER) of the mmWave LOS MIMO system based on the UCA has been provided to quantify the mmWave LOS MIMO channel. Finally, numerical results demonstrate that the optimal parameters of UCA can be obtained by the Newton-iterative method and the BER of mmWave LOS MIMO communication system based on the corresponding optimized UCA can be minimized.
I. INTRODUCTION
Because of the high mobility, the airborne communication requires high rate data transmission for a short period of time [1] . The multiple-input multiple-output (MIMO) system can transmit and receive multiple independent data streams in parallel through spatial multiplexing, which improves the transmission rate without increasing the transmit power and bandwidth. Since the groundbreaking research work of Telatar [2] and Foschini and Gans [3] , many breakthroughs have been made in the research of MIMO technology. Most researches on MIMO technology try to utilize the decorrelation between the sub-channels introduced by the multipath from the wireless environment [4] . On the other hand, due to the rapidly increasing demands for the high rate data transmission in airborne communication, the wireless spectrum below 6GHz will not be enough to meet future needs, which can be satisfied by the millimeter wave (mmWave) band. The frequency range of mmWave is 26.5GHz∼300GHz. Compared with microwave, atmospheric attenuation across most of the mmWave spectrum only induces just a few dB of additional loss at 1km distance except for some certain frequency bands, such as 60, 180 and 380GHz [5] . Moreover, the mmWave beam is narrow and has good directional property. Because of these advantages, the use of mmWave for wireless communication has attracted extensive researches [6] .
Unlike conventional mmWave ground/near-ground MIMO channel, which is mainly composed of non-line-ofsight (NLOS) component [7] . The mmWave airborne MIMO channel is composed of LOS component and NLOS component, meanwhile the LOS component dominates the channel [5] , [8] , which can be explained by the following reasons: (i) due to the narrow beam of mmWave and few scatterers around the transceiver, the channel is absence of rich scattering and reflections [8] , and (ii) in free-space channel, the attenuation of mmWave LOS component is far less than that of mmWave NLOS component, which is obtained from experimental results [5] , [9] . Consequently, the airborne MIMO channel can be modeled as highly correlated Rician MIMO channel. So far, numerous research efforts have been devoted into this channel. Beamforming can be used to realize directional transmitting and receiving by adjusting the weighted coefficient of antenna array [10] - [12] . Reference [10] showed the design of optimum beamformer, which is used to maximize the ergodic capacity in correlated Rician channels. Reference [11] provided a systematic mutual information (MI) and multichannel beamforming (MBF) characterization of LOS MIMO communication systems. Reference [12] proposed the algorithm for the rate-optimum beamformer in spatially correlated MIMO channels and implements a probabilistic analysis for the optimality of transmit beamforming condition.
Different from beamforming, this paper focuses on the optimization of antenna deployment to achieve the maximum capacity in mmWave LOS MIMO channel, because it is significant to optimize the antenna array for the LOS component in mmWave airborne MIMO channel [13] , [14] . The capacity of LOS MIMO channel has been investigated by analytical method in [13] and [15] - [17] , which is suitable to both mmWave and microwave. [15] proposed the Rayleigh distance criterion when the transmitter and receiver are parallel uniform linear antenna array (ULA). References [13] and [16] considered the more general 3D model of non-parallel ULA. Moreover, [17] showed the optimal design of uniform planar antenna array (UPA) in LOS MIMO channel. Furthermore, [18] and [19] focused on the optimal design of non-uniform linear antenna array (NULA) for mmWave LOS MIMO channel. The conclusion of [18] indicated that the optimized NULA can obtain better robustness by sacrificing maximum channel capacity. Reference [19] showed that when the length of transmit and receive linear array is limited, the ULA can be optimized to NULA to achieve larger channel capacity. Reference [20] proposed a new method to optimize the ULA for a two-path mmWave communication channel. References [21] and [22] provided a asymptotic analysis on the mmWave LOS MIMO channel when the antenna number of transmitter and receiver goes into infinity. Su et al. [8] proved that the capacity of mmWave LOS MIMO channel converges to the lower bound when the distance between the transmitter and receiver tends to infinity. Reference [23] researched the performance of mmWave LOS Massive MIMO based on ULA.
Recently, a large number of literatures focused on the characteristics of uniform circular antenna array (UCA) in mmWave LOS MIMO channel [24] - [26] . Compared with ULA and UPA, the UCA has many advantages, such as more compact structure, lower sensitivity to mutual coupling, easy to exploit information of azimuth and elevation angles, and the intrinsic symmetry in azimuth provides full coverage in azimuthal plane [26] . When the numbers of antennas in transceiver antenna array are the same and less than or equal to 4, [25] present the analytical method to achieve the optimal UCA. However, when the numbers are different or any one is greater than 4, the analytical method is no longer applicable [24] . Therefore, in this paper, we propose Newtoniterative method to obtain the optimal parameters of UCA. Then we carry out the experimental verification, the analysis of bit error rate (BER) by varying the parameters of UCA are provided to quantify the mmWave LOS MIMO channel. Numerical results demonstrate that the optimal parameters of UCA can be obtained by Newton-iterative method and the BER of mmWave LOS MIMO system with the optimized UCA can be minimized.
The rest of this paper is organized as follows. In Section II, we establish the channel model of mmWave LOS MIMO based on UCA and derive the upper/lower bound of channel capacity. In Section III, we propose the Newton-iterative method to achieve the optimal parameters of UCA and simplify the two-dimensional search to one-dimensional search. In Section IV, the BER analysis of mmWave LOS MIMO communication system is presented. Finally, numerical results are discussed in Section V and conclusions are drawn in Section VI.
II. SYSTEM MODEL
The model of the mmWave LOS MIMO channel based on UCA is shown in Fig. 1 . The coordinate system is established such that the LOS communication links can be parallel to the y-axis. The transmitter and the receiver are both assumed to have their N and M antennas deployed separately within their own x-z planes (y = 0 and y = D), where D is the distance between them. The antennas in transceiver are all numbered clockwise. Hence, the n-th Based on this channel model, the transmission in the complex baseband can be modeled as
where r is the M × 1 received complex-valued signal vector. s is the N × 1 transmitted complex-valued signal vector. H is M × N complex-valued channel matrix between the transmitter and the receiver, the elements of which are normalized to unit. n is the M ×1 complex-valued additive white Gaussian noise (AWGN) vector. The additive noise vector contains i.i.d. circularly symmetric complex Gaussian VOLUME 6, 2018
elements with zero mean and variance N 0 , denoted by CN (0, N 0 ). β is the free-space attenuation coefficient, which is defined as ( λ D ) 2 [8] , where λ 1 is the signal wavelength. The principle used to model channel matrix H is raytracing [27] . Ray-tracing is based on finding the path length from each antenna in transmit array to each antenna in receive array, and employ these path lengths to find the corresponding received phase. Here, the LOS MIMO channel is modeled as the accurate spherical wave model instead of the plane wave model [28] , [29] . Hence, based on the ray-tracing principle, each element of channel matrix H can be written as [16] h mn = e j 2π λ d mn (2) where h mn is the channel coefficient from the n-th antenna in transmit array to the m-th antenna in receive array and d mn is the distance between them.
According to the coordinates of n-th transmit antenna and m-th receive antenna, the path length d mn can be written as
where
. The approximation comes from the fact that (1 + ) 1/2 ≈ 1 + 2 , when is sufficiently small.
In this LOS MIMO system, the total transmit power is limited to P t and each transmit antenna is assigned equal transmit power. Hence the expression for the capacity of MIMO channel is [2] 
where I M is M -order unit matrix and H H is the Hermitian transpose of channel matrix H.
and γ is the average signal-to-noise ratio (SNR) at receiver. Through singular value decomposition (SVD), the LOS MIMO channel can be equivalent to multiple parallel sub-channels [2] , so Eq. (4) can be written as
where λ i is the i-th eigenvalue of Z, which is defined as
From linear algebra theory, we can derive that trace(Z) =
Under this constraint, we can use the 1 The λ i with the subscript denotes the eigenvalue of matrix Z, the λ without subscript denotes the signal wavelength. method of Lagrange multiples to maximize Eq. (5) [13] . The capacity of LOS MIMO channel becomes maximum when the rank of matrix Z is min(M , N ) and all eigenvalues are equal (i.e. N ) ). When the rank of matrix Z is 1 (i.e. λ 1 = M · N ), the capacity of LOS MIMO channel becomes minimum.
When the number of receive antenna is not larger than the number of transmit antenna (i.e. M ≤ N ), the maximum and minimum of capacity can be shown as
When the number of receive antenna is larger than the number of transmit antenna (i.e. M > N ), the maximum and minimum of capacity can be shown as
By combing Eq. (7) and Eq. (8), the capacity of LOS MIMO channel can be bounded as follows:
We assume a 75GHz communication system (i.e. λ = 0.004m), the total transmit power P t = −50dBm (watts/Hz) and the noise power N 0 = −174.5dBm (watts/Hz). The transmitter and receiver are both 4-elements UCA with d t = d r = 4m. Fig. 2 shows the channel capacity of mmWave LOS MIMO with respect to the distance D.
In Fig. 2 , the dashed green line and the dot-dashed red line are the maximum and minimum channel capacity calculated by Eq. (9), respectively. The solid pink line shows the capacity of mmWave LOS MIMO channel based on 4 × 4 UCA. From these curves, we can see that the maximum and minimum capacity introduced by Eq. (9) is the upper/lower bound of capacity of the mmWave LOS MIMO channel based on UCA. The dotted black line is the ergodic capacity of 4×4 MIMO channel in Rayleigh fading. When the mmWave LOS MIMO channel is in good condition, the capacity of which is larger than that of Rayleigh MIMO channel. The dot-dashed blue line shows the channel capacity of SISO in AWGN channel, which means that even if the channel condition is poor, the capacity of mmWave LOS MIMO channel is greater than that of SISO. The upper bound of channel capacity calculated by Eq. (9) plays an important role in the design of optimization algorithm in Section III.
III. OPTIMAL DESIGN OF UCA BY NEWTON-ITERATIVE METHOD
Existing works have derived closed-form expression to achieve the optimal parameters of ULA and UPA in mmWave LOS MIMO channel [13] , [15] , [16] . However, for UCA, when M = N or max(M , N ) > 4, the closed-form expression is not accurate [24] , [25] .
Compared with analytical method, the numerical method is more general. Therefore, it is benefit to apply numerical method to obtain the optimal parameters of UCA. Newtoniterative method is a kind of commonly used numerical method, which requires the second derivative of the objective function. Consequently, it has a larger amount of computations than conjugate gradient method and variable metric method. However, Newton-iterative method has the advantage of fast convergence [30] , [31] .
A. TWO-DIMENSIONAL SEARCH
In this subsection, we use Newton-iterative method to obtain the optimal parameters of UCA in mmWave LOS MIMO channel. We take the negative of Eq. (4) as the objective function, which can be expressed as
At the k-th iteration, the first derivative matrix g k of the objective function is
where P = I M + γ N HH H . The second derivative matrix of the objective function is G k , which is shown in Appendix. Therefore, the Newton-iterative formula can be expressed as
where η is the step size of each iteration. Newton-iterative method may fall into the local optimal. However, according to the Eq. (9), we can calculate the theoretical maximum capacity of LOS MIMO channel in advance, thus we can compare the local maximum capacity obtained by Newton-iterative method with the theoretical maximum capacity. If the error is less than threshold ε 2 , the local maximum capacity can be regarded as the global maximum capacity and the corresponding optimal parameters of UCA can be achieved. If the error is larger than the threshold ε 2 , the initial parameter vector x 0 is reassigned and the iterative process is restarted. The iteration terminates until the norm of first derivative matrix g k is smaller than the threshold values ε 1 . The specific search process is shown in Algorithm. 1. In order to get the precise parameters of UCA, we set the thresholds ε 1 = 0.05 and ε 2 = 0.3 in numerical experiment. According to the actual communication scenario, the values of initial parameter vector x 0 are assigned randomly in [0, 25] .
Algorithm 1 The Search Process of Newton-Iterative
Input: the number of transmit antenna N , the number of receive antenna M , the distance between transceiver D. Output: the maximum capacity f global , the optimal antenna array parameter vector x global . 1 Calculate theoretical maximum capacity C theory ; 2 Initialization: number of iteration k = 1, threshold ε 1 , threshold ε 2 , step size η, initial parameter vector x 0 ; 3 while 1 > 0 do 4 Calculate first derivative matrix and second derivative matrix:
Obtain local maximum capacity and local optimal parameter:
Obtain global maximum capacity and global optimal parameter: To simplify the algorithm implementation, in this section, we transform the two-dimensional search into onedimensional search by reducing the number of variables.
The transmitted signal vector received by the m-th receive antenna can be written as a 1 × N row vector
. Thus the channel matrix can be expressed as
where the n-th row and m-th column element of W can be written as
Put Eq. (3) into Eq. (14) and let d = d r d t , the W nm becomes
Thus the objective function Eq. (10) becomes
At the k-th iteration of one-dimensional search process, the first derivative q k of the objective function is
The second derivative Q k of the objective function can be expressed as
As a consequence, the Newton-iterative formula of onedimensional search is shown as
where η is the step size of each iteration. The specific search process is similar to the Algorithm. 1 by replacing
IV. THE BER PERFORMANCE ANALYSIS OF mmWave LOS MIMO CHANNEL BASED ON UCA
The spatially multiplexed MIMO (SM-MIMO) can make full use of the spatial multiplexing gain to improve the channel capacity of wireless communication system without consuming additional spectrum resource [32] , [33] . Vertical bell layered space-time (VBLAST) coding is a common spacetime coding scheme based on spatial multiplexing. When N ≤ M , zero-forcing (ZF) is a kind of linear signal detection method in SM-MIMO communication system, which treats all transmitted signals as interference except for the desired stream from the target transmit antenna [34] . The ZF technique nullifies the interference by the following weight matrix.
The matrix G ZF inverts the effect of channel, so the receive signal r in Eq. (1) becomes
The BER performance of SM-MIMO system with ZF receiver is a function of ω n for each stream n = 1, 2, . . . , N . The ω n can be written as
where E b is energy-per-bit, the [
n,n . The BER performance of the n-th stream is denoted by P n e (ω n ). The closed-form expression of P n e (ω n ) for quadrature phase-shift-keying (QPSK) modulated signals can be expressed as P n e (ω n ) = Q(
is Gaussian Q-function. So the average BER P e of the SM-MIMO system can be expressed as
When the condition number of H is large (i.e. the minimum singular value is very small), the noise enhancement of ZF receiver is significant, which can deteriorate the BER performance of MIMO system [18] . When the condition number of H is 1 (i.e. the singular values are equal), the BER of mmWave LOS MIMO system with ZF receiver can be expressed as
V. NUMERICAL RESULTS
In this section, we will achieve the optimal parameters of UCA by Newton-iterative method and then verify the BER performance of mmWave LOS MIMO communication system based on the optimized UCA.
A. THE SEARCH PROCESS OF OPTIMAL PARAMETERS FOR UCA
The 5 × 7 LOS MIMO communication system operates at 75GHz band (i.e. λ = 0.004m). The average SNR at receiver γ = 20dB. The distance between transmit and receive antenna array D = 10km. According to Eq. (9), we can obtain the theoretical maximum channel capacity (i.e. C max _theory = 5log 2 (1 + 7 5 × 10 20/10 ) = 35.69bps/Hz). Fig. 3 shows the process of searching the maximum channel capacity and optimal parameters of 5×7 UCA by two-dimensional search.
In Fig. 3 , the red lines are search paths. After the third search, we obtain the global maximum capacity of mmWave LOS MIMO channel is 35.42bps/Hz, which is close to the theoretical maximum channel capacity 35.69bps/Hz. The corresponding optimal parameters of transceiver UCA are d r = 14.17m and d t = 17.31m, respectively. Hence, according to the search algorithm shown in Algorithm. 1, the twodimensional search can effectively find the maximum channel capacity and the corresponding optimal parameters of UCA. Fig. 4 shows the process of searching maximum channel capacity and optimal parameter of 5 × 7 UCA by one-dimensional search. In Fig. 4 , the red line and the dark-yellow line are the search paths. After the second searching, the global maximum capacity of mmWave LOS MIMO channel is 35.42bps/Hz, which is close to the theoretical maximum capacity 35.69bps/Hz. The corresponding optimal parameter of 5 × 7 UCA is d = d r d t = 245.5m 2 . In the practical design of UCA, d t and d r can take any value, just to make sure that their product d achieves the optimal value. For example, the airborne MIMO communication between the unmanned aerial vehicle (UAV) and the ground base station, due to the limited power and volume of UAV, we can set small antenna array in UAV and set large antenna array in ground base station. In contrast with two-dimensional search, onedimensional search is simpler and can reflect the relationship between the parameters of UCA.
B. THE BER PERFORMANCE OF mmWave LOS MIMO SYSTEM BASED ON THE OPTIMIZED UCA
In this subsection, we use the optimized UCA obtained by one-dimensional search to verify the BER performance of mmWave LOS MIMO system. When the distance between transceiver antenna array D = 10km, the BER of mmWave LOS MIMO system with respect to bit SNR E b /N 0 (dB) is shown in Fig. 5 . In this BER numerical experiment, the results are averaged over 10 6 Monte Carlo experiments. In Fig. 5 , the blue dotted line with ' ' shows the BER calculated by Eq. (24) . The red solid line with '•' shows the BER of mmWave LOS MIMO system based on optimized UCA, which is obtained by one-dimensional search. These two curves are very close, which verify the analysis in Section IV. Furthermore, the BER of mmWave LOS MIMO system based on optimized UCA is much lower than that of mmWave LOS MIMO system based on non-optimized UCA and rayleigh MIMO system. Therefore, the parameter of UCA has impacts on the BER performance of mmWave LOS MIMO system. Fig. 6 shows the BER performance of mmWave LOS MIMO system with respect to parameter d of UCA, when E b /N 0 = 7dB and D = 10km. Fig. 6 clearly shows that the BER performance of mmWave LOS MIMO communication system is greatly influenced by the parameter of UCA. When parameter d = d r d t = 245.5m 2 , which is obtained by the one-dimensional search, the BER can achieve the minimum. When d deviates from the optimal value, the BER performance will be degraded seriously. Combing Fig. 5 and Fig. 6 , Eq. (24) is the minimum BER of mmWave LOS MIMO system based on UCA. When we obtain the UCA with the optimal parameters, the BER of mmWave LOS MIMO system can approach the minimum. 
VI. CONCLUSION
In this paper, we investigated the fundamental characteristics of mmWave LOS MIMO channel based on UCA. The analysis of BER performance of mmWave LOS MIMO system with ZF receiver have been conducted. Unlike ULA and UPA, it is difficult to obtain the optimal parameters of UCA by analytical expression. Therefore, we proposed Newtoniterative method to achieve the optimal parameters of UCA. Additionally, for the sake of simplicity, we transformed the two-dimensional search into the one-dimensional search. Compared with analytical method, the Newtoniterative method is more general. Numerical results showed that the mmWave LOS MIMO communication system with the optimized UCA can achieve the maximum channel capacity and minimum BER.
The mmWave airborne MIMO channel is absent of rich scattering and the attenuation of LOS component is far less than that of NLOS component. As a result, the LOS component dominates the mmWave airborne MIMO channel. Consequently, only the LOS component is considered in this paper. Our research results in this paper can provide useful insight into practical UCA design for long distance airborne MIMO communication system to achieve high rate data transmission.
